Salt-induced changes in protein synthesis were investigated in the cyanobacterium Synechcystis sp. PCC 6803. Immediately after a salt shock of 684 mM-NaC1, total protein synthesis was almost completely blocked. Then, parallel to the accumulation of the osmoprotective compound glucosylglycerol, protein synthesis recovered gradually but remained diminished. The activation of glucosylglycerol synthesis was not inhibited by chloramphenicol at concentrations which totally inhibited protein synthesis. The qualitative protein composition of salt-shocked and control cells was similar. However, the rates of synthesis of single proteins were altered in cells shocked for 10 h and adapted to high salt conditions. Using two-dimensional gel electrophoresis, proteins were found which were synthesized at enhanced rates after adding salt.
Introduction
Cyanobacteria occur in a variety of environments, ranging from freshwater to hypersaline systems. Moreover, these organisms survive in environments which show dramatic changes in salinity. In the last 10 years the basic salt adaptation strategy of cyanobacteria has been elucidated. It includes, on the one hand, the avoidance of toxic internal amounts of inorganic ions using active export systems Molitor et al., 1986) and, on the other hand, the synthesis and accumulation of osmoprotective compounds to achieve an equilibrium of osmotic potential. Three main salt-tolerance groups of cyanobacteria are distinguished according to the osmoprotective compounds accumulated. Cyanobacteria of the lowest salt tolerance synthesize sucrose and trehalose, cyanobacteria of an intermediate tolerance use glucosylglycerol and those of the highest salt tolerance accumulate glycine betaine and glutamate betaine (for a review see Reed et al., 1986) .
Although the physiological processes involved in salt adaptation of cyanobacteria have been well studied, less work has been done with respect to their biochemistry. During the salt adaptation process changes in enzyme activities (Hagemann et al., 1989) and in ultrastructure (Schiewer & Jonas, 1977) occur. Therefore, changes in the protein composition of cyanobacteria may also be involved in the process of salt adaption. Salt-induced protein synthesis has been demonstrated in Escherichia coli (hop operon; Clark & Parker, 1984) , in Bacillus subtilis (Hecker et al., 1988) , in two Anabaena strains (Apte & Bhagwat, 1989) and in higher plants (e.g. Hurkman & Tanaka, 1988) .
Using the unicellular cyanobacterium Synechocystis sp. PCC 6803, which accumulates glucosylglycerol after a salt shock , we investigated the effects of enhanced salt concentration on quantitative and qualitative changes in protein synthesis.
Methods
Organism and culture conditions. The axenic unicellular cyanobacterium Synechocystis sp. PCC 6803 was cultivated at 20 W m-2 (continuous light), 29 "C and bubbling with C0,-enriched air (5%, v/v) in basal medium containing 2 mM-NaC1 (Allen & Arnon, 1955) . Exponentially growing Synechocystis cultures (about 8 x lo7 cells ml-l) were sedimented by centrifugation (1500g, 5 min) and suspended in the same volume of basal medium containing 684 mM-NaC1 (salt shock). To obtain salt-adapted material Synechocystis was cultivated for 6 d in the NaCl-containing medium. After the times indicated in the Figures samples were taken aseptically from the cultures and used in the labelling experiments. Cell number, cell volume and the content of glucosylglycerol were estimated as described by Hagemann et al. (1987) .
Protein synthesis and methionine uptake rates. To determine the rates of total protein synthesis and methionine uptake, samples of cell suspension were pulse-labelled with 0.4 MBq ml-l ~-[~~S]methionine (396 GBq mmol-l ; Isocommerz, GDR) at 20 W m-z and 29 "C. For estimation of methionine uptake the samples were filtered through 0.2 pm membrane filters (Sartorius) and immediately washed with 15 ml of ice-cold medium of the same salt concentration. The total protein synthesis rate was determined according to Borbely et al. (1985) . Radioactivity was measured by liquid scintillation counting [toluene/Triton X-100 (2:1, v/v) containing 4 g PPO 1-' and 0.12g dimethyl POPOP l-']. To estimate the influence of chloramphenicol on total protein synthesis of Synechocystis the cells were pre-incubated with chloramphenicol of the desired concentration for 10 min.
Electrophoresis. For the electrophoretic separation of proteins 10 ml of cyanobacterial suspension was pulse-labelled for 20 min with 0.8 MBq ~-[~~S]methionine ml-I . After labelling the cells, chloramphenicol (50 pg ml-l) and L-methionine (40 pg ml-l) were added; the cells were then collected by centrifugation and deep frozen. For onedimensional separations the cells were disintegrated according to Hagemann et al. (1989) and the protein extract was concentrated using collodium bags (Sartorius). One-dimensional electrophoresis was done in polyacrylamide gels [stacking gel, 5% (w/v); separating gel, 10% (w/v)] in the discontinuous buffer system of Laemmli (1970) . After fixing, the gels were stained with Coomassie brilliant blue R200, destained, dried and autoradiographed. For two-dimensional separation the cells were disrupted by ultrasonic treatment. The lysates were examined by the procedure of OFarrell (1975) . Fluorography and estimation of radioactivity of single protein spots were as described by Hecker et al. (1988) . All experiments were repeated at least twice using independent cultures.
Results and Discussion
Efects of salt loading on the rates of protein synthesis, methionine uptake and on glucosylglycerol accumulation Both total protein synthesis and methionine uptake by Synechocystis sp. PCC 6803 were markedly influenced by increasing the salt concentration in the cultivation medium. Immediately after salt shock protein synthesis was almost completely inhibited, whereas methionine uptake was only reduced by a factor of about two (Fig.  IA) . In the two Anabaena strains investigated by Apte & Bhagwat (1989), salt shock diminished methionine uptake and incorporation to about the same extent. Parallel to the synthesis of the osmoprotective substance glucosylglycerol (Fig. lB) , which was activated by the salt shock, total protein synthesis and methionine uptake recovered gradually. During the first 8 h after a salt shock of 684 mM-NaC1 a linear accumulation of glucosylglycerol occurred. Simultaneously, the protein synthesis rate reached about 50% of the value before the shock treatment and the rate of methionine uptake reached about 80% (Fig. 1A) . In salt-adapted cells the glucosylglycerol content was further enhanced, but protein synthesis remained at about half of the rate in the control cells. During the first 10 h after salt shock, growth was completely inhibited. The growth rate of cells adapted to 684 mM-NaC1 was also diminished (not shown). This may be one reason for the reduced demand on protein synthesis. In contrast, the rate of methionine uptake reached the same level in both salt-adapted and control cells (Fig. 1A) . The decrease in methionine uptake will automatically lower the measured rate of protein synthesis. However, the different extent to which these two processes were inhibited indicates that protein synthesis is directly inhibited. This may be caused by the massive influx of toxic inorganic ions (e.g. Na+ and Cl-) immediately after salt shock as a consequence of a transient breakdown in plasmalemma semipermeability (Reed et al., 1985) . Parallel to the accumulation of glucosylglycerol in cyanobacterial cells, these ions are actively extruded, so that a gradual recovery of protein synthesis becomes possible. Furthermore glucosylglycerol, as well as other osmoprotective compounds, may directly protect the protein synthesis machinery from the harmful effects of inorganic ions (Paleg et al., 1984; Warr et al., 1984) .
Chloramphenicol (50 pg ml-l, Fig. 1B ) completely inhibited protein synthesis whereas, within the first 2 h, glucosylglycerol synthesis in salt-shocked Synechocystis cells was not affected by chloramphenicol (Fig. 1B) . Consequently, glucosylglycerol synthesis during the first 2 h after salt shock does not require de novo protein synthesis but results from the activation of inactive, preformed enzymes. The decrease in glucosylglycerol accumulation in chloramphenicol-treated cells starting about 2 h after the shock, in comparison to the control, may be evidence for a turnover of the glucosylglycerolsynthesizing enzyme system. On the other hand, nonspecific inhibition by chloramphenicol and its toxic light-induced metabolites (Sadka et al., 1989 ) cannot be excluded.
Eflects of salt shock on protein composition and protein synthesis patterns
The protein composition of control cells grown in the basal medium was compared to that of cells immediately after salt shock, 10 h after salt shock (the time at which glucosylglycerol accumulation reached its first plateau), and of cells adapted to 684mM-NaC1. Using onedimensional denaturating PAGE and Coomassie blue staining we could not detect salt-induced alterations in the protein composition of Synechocystis sp. PCC 6803 ( Fig. 2A) .
To study the effect of a salt shock on the synthesis of single polypeptides, cells were pulse-labelled with ~-[~~S]methionine and the extracts were electrophoretically analysed. Immediately after a salt shock only a few bands of newly synthesized proteins could be detected (Fig. 2B) . The sharp decrease in the total protein synthesis rate (see Fig. 1A ) was therefore found for almost all of the synthesized proteins in the control cells. The greatly reduced methionine incorporation inevitably leads to the poorly labelled track 2 (Fig. 2B ) and makes identification of any new proteins very difficult. The major polypeptides synthesized in control cells remained slightly visible in the salt-shocked cells and only a radioactively labelled band at about 13 kDa appeared to increase following salt shock. In cells shocked for 10 h, as well as cells adapted to NaCl, the protein synthesis pattern again resembled that of control cells. No obvious newly induced protein bands could be detected, in contrast to the case of heat-shocked cyanobacteria (Borbely et al., 1985) . Only three protein bands of about 32.4, 16.6 and 13 kDa became more intensely labelled in the salt-shocked cells than in the control cells (Fig. 2B) . However, Apte & Bhagwat (1989) have found, in two Anabaena strains, several salt-stress-induced proteins by means of one-dimensional gel electrophoresis. On the other hand, the relative intensity of several protein bands was diminished in extracts of salt-loaded cells of Synechocystis sp. PCC 6803 (Fig. 2B) , as was also found in Anabaena by Apte & Bhagwat (1989) . This is in good agreement with our quantitative measurements which demonstrated a reduction of total protein synthesis in these cells.
Each band obtained by one-dimensional PAGE may represent several proteins. Therefore, two-dimensional PAGE was used to obtain a more accurate insight into salt-induced alterations of the protein synthesis pattern in Synechocystis cells. Fluorography of proteins synthesized immediately after salt shock showed only a few faint spots at the positions of the main labelled proteins from control cells (not shown). In contrast, in cells shocked with 684 mM-NaC1 for longer times, several alterations were found as compared with control cells (Fig. 3) . Three classes of proteins could be observed in Synechocystis : (a) proteins synthesized at about the same rate under salt-shock and non-salt conditions; (b) proteins synthesized at a reduced rate under salt-shock conditions; and (c) proteins synthesized at an enhanced rate under salt-shock conditions.
Examples of these three classes are shown in Table 1 , where the radioactivity of spots is given for proteins, the positions of which could be clearly identified in all three separations. Especially interesting are proteins synthesized at an enhanced rate after salt shock, since these proteins may be involved in the process of salt adaptation. The synthesis of proteins 8, 20, 21, 24, 34, 35, 36 and 38 (numbers for identification of protein spots in Fig. 3 ) seems to be increased by salt shock (Table 1, Fig.  3 ). Since the positions of proteins 35,36 and 38 could not be determined exactly in the gel of the control cells no quantitative measurements of these spots were made. Whereas the synthesis of proteins 34, 35, 36 was enhanced only during the adaptation phase, that of proteins 21, 32 and 38 was increased especially in saltadapted cells. The occurrence of transient and persistent salt-stress-induced proteins was also found in Anabaena strains (Apte & Bhagwat, 1989) . Our relatively long pulse periods (20min) may also have led to labelling of proteins that are only weakly synthesized, so that it is difficult to differentiate between newly induced proteins and proteins synthesized only at an enhanced rate. In general, our observed protein-labelling pattern of Synechocystis sp. PCC 6803, obtained by two-dimensional gel electrophoresis, resembles that of Synechococcus sp. PCC 6301 as found by Borbely et al. (1985) . The proteins induced by heat shock in Synechococcus sp. PCC 6301 (Borbely et al., 1985) are clearly at different positions from the proteins which were enhanced after salt shock in Synechocystis sp. PCC 6803. Most of the proteins whose synthesis increased on salt shock are of a relatively low molecular mass. They were found in regions of O'Farrell gels similar to proteins induced by salt stress in E. coli and B. subtilis (Clark & Parker, 1984; Hecker et al., 1988) . The nature of the single protein spots in our O'Farrell gels is unknown. Whether the proteins synthesized at enhanced rates are specifically involved in the process of salt adaptation, or whether they are only non-specific stress proteins, cannot be distinguished by our experiments. Apte & Bhagwat (1 989) discussed the participation of salt-stress-induced proteins in the salt adaptation of Anabaena, whereas in water-stressed Nostoc commune no novel class of proteins was found (Potts, 1986) .
The proteins induced by salt stress are not engaged in the short term salt adaptation of Synechocystis sp. PCC 6803 (which involves glucosylglycerol accumulation and ion extrusion), since immediately after salt shock none of these proteins were found and protein synthesis was fully inhibited. Therefore, the biochemical activation of preformed proteins appears to be the main mechanism for short-term salt adaptation in cyanobacteria. The proteins found to be synthesized at enhanced rates in salt-shocked cells of Synechocystis sp. PCC 6803 may act in the long-term physiological adaptation phase.
